The meteorological satellites operated today have evolved from a long line of experimental and operational satellites beginning with TIROS-1 launched on April 1, 1960. Since then over 40 environmental satellites have been successfully placed into orbit. The Earth has been under continual surveillance since the first operational meteorological satellite, ESSA-l, was launched in February 1966. Land remote sensing has also evolved from research efforts which began in the early 1960s. The first Landsat (ERTS-l) was launched in 1972 and was equipped with two experimental sensors providing multispectral data on soil, water, vegetation, and minerals.
The technical evolution of these satellites has led to the highly sophisticated systems we operate today. The first views of cloud patterns shrouding the Earth, though remarkable, were crude by today's standards. Now we can view the Earth's surface with instruments having 30 m resolution with the Landsat 4 satellite, see the Earth's surface and cloud layer tops with up to 1 km resolution with the geostationary operational environmental satellites (GOES)' and the National Oceanic and Atmospheric Administration (NOAA) environmental satellites, and obtain temperature and moisture profiles of the atmosphere from the surface to 65.5 km with multichannel infrared and microwave radiometers. The data presentation has evolved from crude oblique television picture data to a digital data stream of almost 300 x 109 bits per day from the combined land and meteorological satellites.
GEOSTATIONARY METEOROLOGICAL SATELLITES
NOAA operates two operational geostationary satellites (three others are maintained with varying degrees of capability in a standby mode) which orbit the Earth above the equator at an altitude of 35 000 km with an orbital period synchronous with the Earth's eastward spin to remain stationary at a fixed longitude position relative to the Earth. The fixed locations are at 75YW and 135YW and provide continual coverage of the North and South American continents and the adjacent oceans.
The satellites view the Earth with visible and infrared sensors providing an image every 30 min and occasionally as frequently as 5 min to allow nearcontinuous monitoring of the development of significant weather systems. These data are distributed over telephone circuits to 7 National Weather Service Satellite Services Units where additional communication facilities allow further distribution to subscribers over a "GOESTap" system. Currently, over 215 users outside NOAA receive GOES image data (140 Federal users and 75 private industry and university users).
The instrument that provides images also has 4 infrared channels whose data are used to derive vertical temperature and moisture profiles (soundings). Atmospheric soundings derived from these data are currently being tested as an additional data source for the National Meteorological Center (NMC) forecast models. Some of the applications currently provided from the geostationary satellite data include the following:
(I) Cloud motion wind vectors are automatically computed for low level winds and are manually processed for mid and high level winds. Over 1200 vectors are generated each day.
(2) Quantitative precipitation estimates are computed and manually edited to estimate precipitation amounts resulting from convective storm systems and hurricanes.
(3) Fruit frost freeze monitoring is performed by defining surface temperature patterns associated with rapid radiative cooling in the normal temperate citrus and vegetable growing areas. The near real-time continuous monitoring allows farmers to delay the start of preventative measures until a freeze is imminent, thus saving thousands of dollars.
(4) Snow cover analyses are used to predict the snow melt runoff potential in river basins across the nation. Analyses are derived from both the meteorological satellites and from Landsat imagery. Landsat images of snow cover over the Lake Tahoe, Calif., area are shown in Figs. I and 2 for the years 1976 and 1983. The heavy snow in 1983 resulted in excessive runoff which was predicted and evaluated using such data.
(5) Hurricane classification is performed using a semiobjective method of classifying the stage of development and wind intensity from cloud patterns. Fig.  3 shows Hurricane Alicia in August 1983 when its center is about to make landfall at the Texas-Louisiana border. (9) Detection of fog and the rate of dissipation are determined in support of shipping, fishing, and aviation interests.
In addition, there is a data collection system (DCS) on GOES which is a communications system to monitor and collect messages from instruments on remote platforms. Currently, there are over 4600 platforms in the system. Ninety percent of them report river stages and rainfall data for water resource management and hydrological applications.
A weather facsimile system on GOES allows the retransmission of GOES image sectors and conventional NWS meteorological charts to receivers located anywhere within view of three GOES satellites operated for WEFAX transmission (a central standby GOES satellite is the third). Over 435 WEFAX charts are broadcast via the 3 satellites each day.
The geostationary satellites also carry a space environment monitor (SEM) which detects solar X-ray activity to monitor and predict solar flares and energetic particle sensors to measure the energetic particle flux at orbit altitude. The AVHRR has 5 channels in the visible nearinfrared and infrared, each with 1 km resolution on the surface of the Earth. However, because the onboard recorder capacity is not sufficient to contain a whole orbit of 1 km data, only 15 percent of the 1 km scale data can be recorded. For fully global coverage the data are compressed and recorded at a 4 km resolution.
In addition to recording the 4 km global area coverage (GAC) data and the 1 km local area coverage (LAC) data for eventual relay to the CDA ground stations, the NOAA satellites broadcast both data sets in real time. Two channels, the visible and thermal infrared, are specially treated to eliminate panoramic distortion and are broadcast at VHF to more than 1000 inexpensive ground stations worldwide. All 5 channels of LAC data, plus the TOVS data, are broadcast at S-band to more than 80 stations worldwide.
Products derived from the AVHRR instruments include the following:
(1) Global cloud images are recorded for both the day and night side of the Earth each day.
(2) Between 20 000 and 40 000 sea surface temperature observations are made each day with the number of observations varying with cloud cover. Surface temperature patterns derived from the NOAA satellites reveal many ocean features including the Gulf Stream wall and associated eddies, cold water upwellings off the United States west coast, the Gulf of Mexico loop current, and changing flow patterns in the equatorial ocean currents. Fig. 6 shows the thermal patterns of the Gulf Stream and eddies in April 1983. Fig. 7 is a computer-drawn thermal analysis of the same area showing the fine structure of the Gulf Stream and other small thermal features. V. FUTURE SYSTEMS NOAA plans to continue both the geostationary and polar-orbiting spacecraft into the toreseeable future in essentially the present orbits but with added and improved instruments. The Landsat system is scheduled ffir assumption by a commercial operator and a request tor proposals (RFP) was issued in January 1984. The future o0' the United States land remote sensing system will depend upon the response received to this RFP. (1) NOAA-Next. The instrument complement of the current NOAA series of satellites is shown on Table 1 . The advanced TIROS-N (ATN) spacecraft has reserve capacities for additional payload, and two uses are planned. Solar backscatter ultraviolet (SBUV) ozone sounder instruments will be flown on the satellites in an afternoon orbit from NOAA-F (1984) to NOAA-J. Also, NOAA will fly NASA's Earth radiation budget experiment instruments on NOAA-F and NOAA-G as part of the NASA research program. No other firm commitments have been made for the small reserve remaining in the series.
The primary mission of the NOAA spacecraft is to provide vertical profile of atmospheric temperatures (soundings), sea, and Great Lakes surface temperatures, and the nature and distribution over the globe of storms, clouds, ice, snow, and vegetation. The most significant improvement planned for NOAA-Next is an advanced microwave sounding unit (AMSU) which will replace the current SSU and MSU. Improved soundings in the presence of total cloud cover is the primary objective, with the detection and quantification of precipitation below clouds a secondary object. In the present system, the primary instrument has been the HIRS, an infrared radiometer. The MSU was a secondary instrument. With the AMSU, the roles will be reversed. The microwave instrument will be primary and the infrared HIRS will become secondary. Today's VAS has 8 visible channel detectors and 6 thermal detectors that sense infrared radiation in 12 spectral bands. A filter wheel effects channel selection over the infrared bands, which have central wavelengths between 3.9 and 15 [im. Resolution is 1 km visible and 7 or 14 km infrared, depending on detector selection. VAS operates in either an imaging mode or a dwell sounding mode; "dwell" sounding because multiple observations of the same atmospheric column are used to improve the signal-to-noise ratio. A mixed mode, dwell imaging is possible and allows tropospheric temperature and humidity soundings, as well as imagery, to be obtained over a 350 band of latitude at the operational half hourly frequency.
The minimum characteristics of the GOES-Next instrument are shown in Table LI .
Space environment monitor detectors similar to those being flown currently (Table III) will be carried by GOES-Next. A need of the community concerned with solar events and conditions is a solar X-ray imager suitable for geostationary satellite use. The option to include such an imager on GOES-Next is being pursued. It will be included if it proves to be technically feasible at an acceptable cost. The GOES DCS will be continued, unchanged for users, during the GOES-Next era. Compatibility within the international geostationary environmental satellite array will be maintained for this service. WEFAX broadcasts from GOES-Next, the relayed transmissions of processed environmental data in facsimile format at 1691.0 MHz, will be identical to those of today.
The direct broadcast of GOES-Next sensor data also will be unchanged. Stations equipped to receive these Sband (1687.1 MHz) transmissions, and to process the ingested data, will remain able to do so.
Geostationary satellites offer the opportunity to detect instantaneously and to report distress signals from downed aircraft or ships in trouble. NASA is funding two experimental search and rescue transponders for flight on GOES-G and GOES-H late in the decade. This capability will be supplemental to the search and rescue function of the polar system providing up to 6 hours of added alert
VI. RESEARCH DIRECTIONS AND RESULTS
The first meteorological satellites 25 years ago were limited to gathering images, and the first developments in satellite meteorology were image interpretation. Gradually, along with greater sophistication in the design and operation of the satellites themselves, the sensors have produced more quantitative information and, even in the case of imaging instruments, digital data streams have replaced analog signals. There continues today a stream of research both to improve upon the quantitative products being delivered to our customers and to develop better tools and insights for interpreting the imagery that flows in great quantity from the polar orbiting and geostationary meteorological satellites.
Research and Development in Quantitative Satellite Products from Operational Spacecraft
(1) Atmospheric Soundings Polar. The processing of satellite-measured radiances to produce atmospheric temperature profiles has been routine for over a decade. The current operational method for deriving temperature and water vapor soundings from the TOVS data is a multiple regression statistical scheme that relies on a set of nearly coincident radiance observations and radiosondes gathered over prior days. The quality of the operational soundings is measured in the same waydirect comparisons of satellite retrievals with radiosonde observations at nearly the same place and time. (Radiosonde observations are themselves subject to error, and the atmosphere sometimes has large spatial and temporal variations; so this comparison includes differences that are not wholly attributable to the satellite retrievals.) Table IV Fig. 10(a) illustrates midmorning analyses of total precipitable water vapor (solid contours) and upper troposphere (300 mb) wind speeds (dashed contours), also deduced from the VAS sounding data. superimposed on an image of upper tropospheric water vapor. Meteorologists are able to identify several features in this picture that should be conducive to development of convective weather in the region of Louisiana. Mississippi. and Alabama. Fig. 10(b) Fig. 10(d) .
Research on the processing of VAS data continues as trial outputs are made available to the major forecast centers of the National Weather Service (National Meteorological Center, National Hurricane Forecast Center, and National Severe Forecast) for their evaluation and recommendation.
(3) Earth Radiation Budget. The meteorological satellites were designed primarily to meet the needs of the Weather Service for data that will contribute to the ability to provide useful forecasts and to provide watches and warnings of severe weather. While serving this role the 
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Weather Service has also served as an important source of data on the Earth's radiation budget. The National Environmental Satellite, Data, and Information Service (NESDIS) has been producing estimates of the planetary albedo and outgoing longwave radiation from operational spacecraft for nearly a decade. These estimates were initiated with the scanning radiometer (SR) instrument on an earlier series of polar orbiting satellites and were continued with the AVHRR on the TIROS-N series of satellites. Fig. 11 shows a comparison of the zonal average outgoing longwave radiation measured by each satellite. In spite of significant differences among the instruments and the orbits of the satellites, there is a very strong agreement among the various profiles. This is important because these data are used by the National Weather Service and others in monitoring seasonal and interannual climate variations. Climate monitoring, much more than weather observing, places requirements of long-term stability and comparability on satellite measurements.
(4) Stratospheric Monitoring. Fig. 12 shows the record of total ozone amount derived from TOVS radiance measurements. As with the Earth radiation budget, these analyses are largely in support of climate studies, and long-term trends are of paramount interest. Thus the stability of the measurements from satellite to satellite is of great importance. The extension from satellite to satellite, using three satellites over a 4 year period, gives us reason to have confidence in this aspect of the measurement. Also shown in Fig. 12 are total ozone amounts deduced from the NASA Nimbus-7 
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SBUV. The large difference or bias between the two data sets is due to differences, now understood, in the basic physical parameters used in the ozone retrieval process. Future NOAA spacecraft launched into afternoon orbits will carry improved, SBUV/2 instruments, which give information on the vertical distribution of ozone as well as total amount.
(5) Sea Surface Temperature. Satellite-derived sea surface temperatures have improved significantly since the early 1960s, and measurements are now being obtained with an accuracy of 0.5 'C to 0.6TC compared with measurements made by drifting buoys (Fig. 13) . This improvement makes possible major satellite (6) Vegetation Index. Several United States government agencies, especially USDA and AID, have requirements to monitor and forecast crop conditions in the United States and other agriculturally important countries. NESDIS has been engaged in an effort to develop products from operational satellites that will supplement weather observations for agricultural monitoring. Other quantities useful for crop monitoring that are being estimated from the NOAA satellites on an experimental basis are precipitation, daily temperature ranges, insolation reaching the surface, and snow cover. A "vegetation index," derivable directly from satellite measurements, can be interpreted as a direct measure of the condition of vegetation.
The visible and near-infrared channels (channels 1 and 2) of the AVHRR provide the basis for the vegetation index. The reflectance of green vegetation in the visible part of the spectrum is low but is much higher in the near infrared. Other surfaces, such as water, bare ground, and clouds have reflectances that are nearly the same in the two bands. The difference between measurements in channels 1 and 2 is thus a sensitive indicator of vegetation. Figs. 16 and 17 are experimental depictions of the normalized difference (ch2 -chl)/(ch2 + chi), indices of vegetation over the Northern Hemisphere during contrasting seasons. Darker grey shades in these images connote "greener" areas on the ground. The data are accumulated by saving the greenest observation at each location over week-long periods to reduce the effects of clouds and other atmospheric effects. contributions to understanding the influence of the oceans on the atmosphere and climate. One phenomenon of particular interest is the El Nino, an event that occurs at intervals of 4 to 6 years and is marked by a collapse of southeast trade winds, the cessation of upwelling along the equator, a general warming of waters along the South American coast, and very widespread meteorological implications. The El Nino of 1982 was particularly severe. The maps shown in Fig. 14 (1) Severe Weather. In spite of the tremendous progress made in computers and computer systems, there is still no substitute for the human eye and human judgment in extracting the large amounts of useful information implicit in the organization and spatial relations that satellite imagery provides. NESDIS still devotes substantial efforts to studies aimed at early identification of the key features or precursors of large convective storms. These researchers usually play the dual role of scientist and teacher. They are in great demand to offer training in the latest in satellite image interpretation both nationally and internationally.
Generally, organized convergence lines that trigger strong convection are detectable in satellite imagery prior to deep convective development along the lines. An example of a frontal system that develops into a severe squall line is shown in Fig. 18 . Early squall line developments of this type are routinely detected in GOES imagery prior to deep convection development and their detection by radar. Near the time of the latest image shown in Fig. 18 , large hail and funnel clouds were reported in South Dakota, a tornado injured 6 people in Minnesota, and a weak tornado was reported in Iowa. 
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Satellites and radar furnish independent information concerning the thunderstorm and its environment. particular area. These data are now available in digital form. Fig. 20, a 15 of the interaction of electromagnetic energy with the ocean surface and has shown that winds, waves, eddies, internal waves, currents, ship wakes, oil slicks, and bathymmetry all affect the radar return. Ocean color as measured by the coastal zone color scanner (CZCS) on Nimbus-7 has increased the awareness of physical and biological oceanographers alike of the near-surface dynamics of the ocean. The purpose of the CZCS is to provide estimates of near-surface concentration of phytoplankton pigments and total seston (suspended matter) by measuring the spectral radiance backscattered out of the ocean. The radiance backscattered from the atmosphere (Rayleigh scattering) and/or sea surface (specular reflection) is typically at least an order of magnitude larger than the radiance scattered out of the water. Fig. 23(a) shows the total radiance measured at the satellite sensor; Fig. 23(b) shows the sea surface radiance after atmospheric correction; and Fig.  23(c) shows the phytoplankton pigment concentration of the Middle Atlantic Bight on June 10, 1979. Fig. 24 is a direct comparison of the total pigment concentration made by a ship following the track shown in Fig. 23(d (2) Future Atmospheric Sounders. The major deficiency of all methods for sounding the atmosphere from space is their relatively coarse vertical resolution. All current devices are passive multispectral radiometers that measure upwelling atmospheric thermal radiation. If the spectral interval in which the observation is made is very narrow, the atmospheric layer that contributes the radiation will be thinner. However, even if the radiation were monochromatic, the layers must all have a finite and, in meteorological terms, significant depth. The variation in atmospheric absorption within the observed spectral interval further broadens the layer from which the radiation is originating.
Research on sounders is generally aimed at overcoming these recognized limitations. The desired spectral resolution (Av/v = 0. I percent) is beyond the capabilities of filter radiometers, but it can be achieved from an Earth-oriented geostationary platform using a Michelson interferometer called high-resolution interferometer sounder (HIS). The latest design, which uses partial interferogram sampling, is scheduled to be tested on an airplane later this year. Perhaps somewhat further in the future, but with a potential of much higher vertical resolution, is the use of active rather than passive radiometric systems. NOAA's Wave Propagation Laboratory is investigating the feasibility of measuring the global wind field using an infrared coherent laser radar under a joint program with the Air Force. The development is particularly important because (I) it is designed to measure a parameter, the wind, that is of fundamental importance for weather analysis and prediction, but for which no global reliable method now exists; and (2) it would be designed to achieve a 1 km resolution. The lidar system measures the radial wind component along the line of sight of the transmitted pulse, with height resolution determined by the pulse duration. Two or more observations from different directions are required from each region to determine both components of the horizontal wind velocity (Fig. 25) .
The basic pulsed CO, coherent laser radar for global wind measurement consists of a stable, single frequency CO2 transverse excited atmospheric (TEA) laser, interferometer, transmit-receive optics with scanning telescope, attitude control system, an infrared detector, a velocity-frequency analyzer, and a data processor and display. TEA 
